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IMAGE CALIBRATION AND CORRECTION 
FOR LOW-IF RECEIVERS 

TECHNICAL FIELD 

Embodiments of the current invention relate to image 
rejection calibration systems and methods for a radio-fre 
quency receiver. 

BACKGROUND 

In radio reception using heterodyning in the tuning pro 
cess, the “image frequency” is an undesired input frequency 
capable of producing an intermediate frequency (“IF”) simi 
lar to that of the desired input frequency. It is a potential 
source of interference to proper reception. Accordingly, 
achieving good image rejection (“IR”) in heterodyne receiv 
ers is one of the most important challenges in high-perfor 
mance radio-frequency (“RF”) design, and, as a result, the 
choice of radio architecture used in many applications is often 
dictated by an application’s overall IR requirements. One 
possible radio architecture uses a Zero-IF receiver, Which has 
no image component requiring rejection. The Zero-IF archi 
tecture is, hoWever, prone to DC offset problems and to loW 
frequency impairments, such as l/f noise. These problems 
render the Zero-IF architecture unsuitable for narroWband 
Wireless communication applications, narroWband Wireless 
telemetry, and Wireless sensor applications. For example, 
narroWband Wireless communication applications, such as 
those using the Flex/ReFlex pager and PMR radio standards, 
require loW-frequency occupied spectral bandWidths of 6.25 
kHz, 12 kHz, and 25 kHz. Similarly, various regulatory agen 
cies (e.g., FCC in the United States, ETSI in Europe, and 
ARIB in Japan) permit narroWband Wireless telemetry only in 
selected RF bands (for example, 6.25-25 kHZ in the United 
States and 12.5-25 kHZ in Europe and Japan). A Zero-IF 
receiver architecture may be unsuitable for these loW-fre 
quency, narroWband applications. 

Another radio architecture uses a double superheterodyne 
to achieve good IR performance. In this architecture, the use 
of a high ?rst IF frequency may relax the constraints on the RF 
band-select ?lter at the loW noise ampli?er (“LNA”) input and 
thereby improve IR performance. High-IF receivers, hoW 
ever, generally require expensive andpoWer-hungry ?lters for 
the ?rst IF stage, rendering them unsuitable for loW-poWer 
applications. 
A double-superheterodyne receiver may use a loW ?rst IF 

frequency to relax the bandWidth, poWer, and cost constraints 
on the ?rst IF ?lter. These receivers, hoWever, require a 
sharper RF band-select ?ler at the LNA input. A loW-IF 
receiver architecture overcomes the loW-frequency and l/f 
noise problems of the Zero -IF receiver by moving the received 
spectrum aWay from DC. As a result, this receiver architecture 
is more suitable for the narroWband Wireless telemetry appli 
cations described above. Unlike the Zero-IF receiver, hoW 
ever, a loW-IF receiver includes a complex mixer or poly 
phase ?lter to reject the generated image frequency. In 
general, traditional loW-IF receivers rely on complex signal 
cancellation techniques to remove the image component. Due 
to manufacturing process tolerances, hoWever, it is di?icult to 
ensure quadrature gain and phase errors of better than 1-2% 
and 1-3 degrees, respectively, Which results in a typical image 
rejection performance of 25-30 dB. 
Some loW-IF receivers improve their image rejection per 

formance With image-calibration circuitry, Which attempts to 
compensate for the gain and phase errors caused by manu 
facturing process tolerances in the receiver’s components. 
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2 
Conventional calibration circuits, hoWever, suffer from 
numerous draWbacks. Phase and/or gain adjust circuits that 
operate at RF frequencies consume a signi?cant amount of 
poWer and are dif?cult to design With a Wide dynamic range. 
Digital phase and/or gain adjust circuits may be implemented 
to operate at baseband or IF frequencies, but they typically 
require at least four multipliers to operateiWith associated 
area and poWer penaltiesiand incur an inherent loss in pre 
cision due to the digitiZation of the analog RF signal. Thus, 
there is a need for a robust, loW-cost, and loW-poWer image 
calibration circuit for RF receivers. 

SUMMARY 

In general, various aspects of the systems and methods 
described herein relate to a robust, loW-cost, and loW-poWer 
image-calibration circuit for a RF receiver. The image-cali 
bration circuit may operate completely at baseband frequen 
cies, thereby relaxing constraints on poWer consumption and 
component precision. Furthermore, in various embodiments, 
the image-calibration circuit uses an analog approach to can 
celling out imperfections in the baseband I and Q channel 
vectors that involves only tWo multipliers. By performing the 
calibration in the analog domain, the siZe and complexity of 
the image-calibration circuit is reduced While its robustness 
and range are increased. Further increases in poWer savings 
and design area may be conferred by improvements to the 
digital circuitry that controls the analog components. 

In general, in one aspect, a system for calibrating image 
rejection of a receiver includes an analog circuit element, an 
image-rejection ?lter, a poWer measurement circuit, and a 
controller. The analog circuit element modi?es the gain and 
phase of a baseband image signal in accordance With a 
received control signal so as to produce a corrected image 
signal. The image-rejection ?lter receives the corrected 
image signal and produces a ?ltered image signal based 
thereon. The poWer measurement circuit determines a poWer 
level of the ?ltered image signal, and the controller analyZes 
the poWer level and alters the control signal based on the 
poWer level analysis, thereby reducing the poWer level of the 
?ltered image signal. 

In various embodiments, a decoder receives gain and phase 
values and for generating the control signal. The decoder may 
include a look-up table (and may extrapolate betWeen entries 
therein), and may be bypassed With a decoder bypass circuit. 
The controller may include a gradient estimation algorithm, 
Which may include an adaptive step siZe. The analog circuit 
element may include a passive analog multiplier, Which may 
include a three-state, n-bit R2R resistor ladder. The analog 
circuit element may receive a reference frequency a crystal 
oscillator, a programmable clock divider, an RF synthesiZer, 
and/ or a heterodyne circuit. A frequency source may provide 
a calibration signal, and may include a digital divider, a high 
pass ?lter, and/or a band-pass ?lter. A mixer may mix the 
calibration signal With a local oscillator signal, thereby pro 
ducing the image signal. The image-rej ection ?lter may be a 
poly-phase ?lter. 

In general, in another aspect, a system for calibrating 
image rejection of a receiver includes an image-rejection 
correction circuit (including ?rst and second variable-gain 
elements and a summing circuit), an image-rejection ?lter, a 
poWer measurement circuit, and a controller. The image 
rejection correction circuit modi?es the gain and phase of a 
?rst channel of a baseband image signal. The ?rst variable 
gain element receives the ?rst channel of the image signal and 
generates a ?rst correction signal in accordance With a 
received control signal. Similarly, the second variable-gain 
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element receives a second channel of the image signal and 
generates a second correction signal in accordance With the 
received control signal. The summing circuit sums the ?rst 
channel, ?rst correction signal, and second correction signal, 
thereby generating a corrected ?rst channel of the image 
signal. The image-rejection ?lter receives the corrected ?rst 
channel of the image signal and the second channel of the 
image signal and produces a ?ltered image signal. The poWer 
measurement circuit determines a poWer level of the ?ltered 
image signal, and the controller analyZes the poWer level and 
alters the control signal based on the poWer level analysis, 
thereby reducing the poWer level of the ?ltered image signal. 

In various embodiments, the ?rst channel of the image 
signal may be an I channel or a Q channel. The ?rst and 
second variable-gain elements may include a passive analog 
multiplier. The R2R resistor ladder may be a three-state, n-bit 
R2R resistor ladder. 

In general, in yet another aspect, a method for calibrating 
image rejection of a receiver begins With sensing a poWer 
level of an ?ltered image signal produced by an image-rej ec 
tion ?lter. A control signal is generated based on the poWer 
level of the ?ltered image signal. An analog circuit element 
(Which receives a baseband image signal and produces a 
corrected image signal) is modi?ed in accordance With the 
control signal. The corrected image signal is received at the 
image-rejection ?lter, and modifying the analog circuit ele 
ment reduces the poWer level of the ?ltered image signal. 

In various embodiments, generating the control signal may 
include estimating the gradient of the poWer level, looking up 
a value in a look-up table, and/or extrapolating betWeen look 
up table entries. Estimating the gradient may include adapting 
a step siZe. 

In general, in still another aspect, an electronic device 
includes an RF receiver having a system for calibrating image 
rejection. The receiver includes an analog circuit element, an 
image-rejection ?lter, a poWer measurement circuit, and a 
controller. The analog circuit element modi?es the gain and 
phase of a baseband image signal in accordance With a 
received control signal so as to produce a corrected image 
signal. The image-rejection ?lter receives the corrected chan 
nel image signal and produces a ?ltered image signal based 
thereon. The poWer measurement circuit determines a poWer 
level of the ?ltered image signal. The controller analyZes the 
poWer level and alters the control signal based on the poWer 
level analysis, thereby reducing the poWer level of the ?ltered 
image signal. 
These and other objects, along With advantages and features 
of the present invention herein disclosed, Will become more 
apparent through reference to the folloWing description, the 
accompanying draWings, and the claims. Furthermore, it is to 
be understood that the features of the various embodiments 
described herein are not mutually exclusive and may exist in 
various combinations and permutations. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the draWings, like reference characters generally refer to 
the same parts throughout the different vieWs. In the folloW 
ing description, various embodiments of the present invention 
are described With reference to the folloWing draWings, in 
Which: 

FIG. 1 is a schematic diagram of a prior-art loW-IF receiver; 
FIGS. 2A and 2B graphically illustrate an unWanted image 

signal and Wanted RF signal; 
FIG. 3 graphically illustrates a poly-phase ?lter rejection 

pro?le; 
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4 
FIG. 4 graphically illustrates a ?ltered image signal and 

Wanted RF signal; 
FIG. 5 is a schematic diagram of an RF receiver featuring 

an image calibration system; 
FIG. 6 is a How chart of a method for performing an image 

calibration method; 
FIG. 7 is a How chart of an algorithm for gradient estima 

tion; 
FIGS. 8A and 8B are three-dimensional and tWo-dimen 

sional illustrations, respectively, of an output signal poWer; 
FIG. 9 is a How chart of another embodiment of an algo 

rithm for gradient estimation; 
FIG. 10 is a vector diagram of the signal channel compo 

nents present at the input to the poly-phase ?lter; 
FIGS. 11A and 11B are schematic illustrations of the vec 

tor arithmetic performed by the calibration system; 
FIG. 12 is a schematic diagram of a decoder; 
FIGS. 13 and 14 are schematic diagrams of circuits gener 

ating I and Q vector calibration coef?cients; 
FIGS. 15, 16, and 17 are schematic diagrams of gain and 

phase adjust circuits; and 
FIG. 18 is a schematic diagram of a passive analog multi 

plier. 

DETAILED DESCRIPTION 

Described herein are various embodiments of methods and 
systems for robust, loW-poWer, loW-cost image calibration 
systems for RF receivers. FIG. 1 illustrates an example of a 
typical, uncalibrated loW-IF receiver 100. A loW-noise ampli 
?er 102 receives an input signal 104 and provides an RE 106 
signal to quadrature mixers 108, 110. A local oscillator 112 
generates signals LO_I, LO_Q for the quadrature mixers 106, 
108, Which mix the RE 106 signal and the local oscillator 
signals LO_I, LO_Q to produce IF signals I, Q. In one 
embodiment, the RF signal oscillates at 900.1 MHZ, the local 
oscillator at 900 MHZ, and the IF signal at 100 kHZ. An 
unWanted image frequency may thus appear at 899.9 MHZ 
(i.e., the frequency of the incoming RF signal minus tWo 
times the IF frequency). In another embodiment, a local oscil 
lator frequency of 900.2 MHZ may be mixed With the incom 
ing 900.1 MHZ RF signal to produce a 100 kHZ IF signal; in 
this embodiment, the image frequency is 900.3 MHZ. Other 
RF frequencies may be selected by varying the frequencies of 
the signals LO_I, LO_Q output from the local oscillator 112. 
The outputs I, Q of the quadrature mixers 108, 110 are then 
sent to a complex poly-phase ?lter 114. Further examples of 
image rejection calibration systems are described in US. 
Patent Application Publication No. 2008/0132191, Which is 
hereby incorporated by reference in its entirety. 

FIG. 2A illustrates the unWanted image input signal 202 
and Wanted IF input signal 204 as they appear at the output of 
loW noise ampli?er 102, Which ampli?es both signals sub 
stantially equally. The unWanted image input signal 202 may 
appear at the same or even at a higher poWer level than the 
Wanted IF input signal 204. Similarly, FIG. 2B illustrates the 
unWanted image input signal 206 and the Wanted IF input 
signal 208 as they appear at the outputs of the quadrature 
mixers 108, 110. The unWanted image input signal 206 may 
have the same or higher poWer than the Wanted IF input signal 
208. 

FIG. 3 illustrates an ideal symmetrical rejection pro?le 302 
for the complex poly-phase ?lter 114. The rejection pro?le 
302 is centered on the Wanted IF channel (100 kHZ) and 
attenuates the unWanted image channel (—l00 kHZ). The 
actual rejection pro?le, hoWever, may be less than ideal due 
to, for example, manufacturing process tolerances. A typical 
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rejection pro?le 304 does not perfectly reject the unwanted 
image channel at —l00 kHZ. In one embodiment, the 
unwanted image signal is attenuated by only 25 dB. 

FIG. 4 illustrates the output of a poly-phase ?lter 114 
having a typical rejection pro?le 304. The unWanted image 
signal 402 is attenuated With respect to the Wanted IF signal 
404 but not eliminated. If the poWer level of the unWanted 
image signal 402 increases by, for example, 25 dB or more 
(relative to the Wanted IF input signal 404), the poWer level of 
the unWanted image signal 402 Will become comparable to, or 
greater than, the Wanted IF input signal 404. In this case, the 
unWanted image input signal 402 may cause a substantial 
degradation in the receiver’s performance and inhibit recep 
tion of the Wanted IF input signal 404. 

FIG. 5 illustrates an RF receiver circuit 500 that includes an 
image-rejection calibration system in accordance With 
embodiments of the current invention. Although the RF 
receiver circuit 500 is illustrated using single-ended input and 
output signals, differential signals may instead be used at 
some or all points in the circuit. The RF receiver 500 includes 
a loW-noise ampli?er 502 for receiving an RF input signal IN; 
mixers 504, 506; a local oscillator 508; and a poly-phase ?lter 
510, and produces a baseband output signal OUT. Each of 
these components performs functions similar to those 
described above With reference to similar components in 
FIGS. 1-4. The loW-noise ampli?er 502 is shoWn With differ 
ential inputs. The local oscillator 508 may be implemented 
using a fractional-N synthesiZer, an integer-N RF synthesiZer, 
or any other RF synthesiZer knoWn in the art. In various 
embodiments, the poly-phase ?lter 510 is a fourth- or ?fth 
order complex poly-phase ?lter, but any ?lter With an order 
greater than one may be used. 

The RF receiver circuit 500 contains additional compo 
nents for performing an image rejection calibration, shoWn as 
shaded boxes in FIG. 5. A programmable digital divider 512, 
a high-pass or band-pass ?lter 514, and a gain control circuit 
516 together produce a variable RF frequency, as described in 
more detail beloW. In one embodiment, the high-pass/band 
pass ?lter 514 and gain control circuit 516 are combined into 
a single circuit. An enable signal 518 selects either the incom 
ing RF signal at the output of the LNA 502 (during normal 
operation of the receiver 500) or the generated RF frequency 
(during a calibration mode). In one embodiment, a shunting 
sWitch 546 spans the differential inputs of the LNA 502 and, 
When enabled, prevents external signals from interfering With 
the RF receiver 500 during the calibration mode. A reference 
frequency 520 is provided by, for example, a crystal oscilla 
tor, a harmonic of a programmable clock divider, an RF 
synthesiZer, a heterodyne circuit, and/ or other frequency 
source. The digital divider 512 receives the reference fre 
quency 520, divides it in accordance With a programmable 
divisor 522, and produces a square-Wave signal. In other 
embodiments, the digital divider 512 increases the frequency 
of the reference frequency 520 or uses it unmodi?ed. 

The high-pass/band-pass ?lter 514 attenuates the loW-fre 
quency components of the square-Wave signal, permitting 
only certain high-frequency harmonics of the output square 
Wave signal to pass. The gain control circuit 516 may adjust 
the signal level of the ?ltered signal in accordance With a 
received control signal to ensure that the ?ltered signal does 
not saturate the mixers 504, 506. In addition, the gain control 
circuit 516 may permit IR calibration over a Wide range of 
signal levels, thereby optimiZing the IR performance of the 
receiver 500 over the maximum and minimum poWer levels of 
the external interfering image signal. In various embodi 
ments, the gain control circuit 516 adjusts a coupling capaci 
tor in the high-pass/band-pass ?lter 514 and/or changes a 
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6 
buffer drive strength in the high-pass/band-pass ?lter to 
change the gain of the ?ltered signal. The output of the gain 
control circuit 516 is applied to the inputs of the mixer 504, 
506. In one embodiment, the output of the gain control circuit 
516 is applied to the input of the LNA 502. 
A gain and phase adjust circuit 524 adjusts the I and Q 

channel outputs of the mixers 504, 506 before they are 
received by the poly-phase ?lter 510, as explained in more 
detail beloW. The gain and phase adjust circuit 524 may 
include ?xed-gain elements 526 and variable-gain elements 
528. In one embodiment, the ?xed-gain elements 526 are 
buffers, resistors, and/ or constant-gm ampli?ers and the vari 
able-gain elements 528 are multipliers or variable ampli?ers. 
A summing circuit 530 sums the output of a ?xed-gain ele 
ment 526 With the outputs of the variable-gain element 528 to 
produce a modi?ed channel signal. 

The poWer levels of the signals produced by the poly-phase 
?lter 510 may be sensed by a poWer measurement circuit 532, 
Which may include a logarithmic ampli?er and/or a limiter, 
and converted to a digital signal by an analog-to-digital con 
verter (“ADC”) 534. The poWer level or received signal 
strength indicator (“RSSI”) may be stored in an RSSI register 
536. A digital controller 538 receives the output of the RSSI 
register 536 and, as explained further beloW, computes gain 
and phase values necessary to adjust the gain and phase of the 
IF signal. The digital controller 538 outputs the gain and 
phase values to a decoder 540 via gain and phase registers 
542, 544. The decoder 540, as explained in more detail beloW, 
decodes the gain and phase values into ampli?er control 
signals for the gain and phase adjust circuit 524. In one 
embodiment, the decoder is bypassed With a decoder bypass 
circuit 548. 

In one embodiment, the ADC 534 is a tWelve-bit ADC, but 
the ADC 534 of the present invention is not limited to any 
particular bit siZe. The digital controller 538 may be an off 
chip microprocessor or microcontroller, such as a digital sig 
nal processor (“DSP”) or ?eld programmable gate array 
(“FPGA”), or an on-chip dedicated hardWare circuit. In one 
embodiment, an on-chip digital controller 538 does not 
require registers such as the RSSI register 536, gain register 
542, and phase register 544. 

FIG. 6 illustrates a method 600 for performing an image 
rejection calibration. In brief overvieW, the calibration mode 
is initiated (Step 602) and the frequencies of the digital 
divider 512 and local oscillator 508 are con?gured (Step 604). 
The poWer output from the poly-phase ?lter 510 is sensed 
(Step 606) and the controller 538 computes correction values 
(Step 608) to adjust the phase and gain of the quadrature 
signals delivered to the poly-phase ?lter 510 (Step 610). The 
process repeats until the poWer of the output of the poly-phase 
?lter 510 is minimized (Step 612) and the optimum values are 
stored (Step 614). 

In greater detail, the calibration mode is initiated (Step 
602) by asserting the enable signal 518. The enable signal 518 
may be asserted by an external source or by the digital con 
troller 538. In one embodiment, the enable signal 518 is 
asserted during a poWer-on calibration cycle. The enable sig 
nal 518 may also be asserted periodically to re-calibrate the 
receiver 500 due to, for example, changes in temperature or 
supply voltage. The assertion of the enable signal 518, as 
described above, causes a signal from the gain control circuit 
516 to be input to the quadrature mixers 504, 506 instead of 
the signal from the loW noise ampli?er 502. 
The controller 538 then con?gures the digital divider 512, 

gain control circuit 516, and local oscillator 508 for calibra 
tion mode (Step 604). In general, the signal from the digital 
divider 512 is selected to lie in the same frequency range as 














